Articles you may be interested in Two-photon resonance enhanced multiphoton ionization photoelectron spectroscopy of the SH (SD) radical below and above the lowest ionization threshold J. Chem. Phys. 105, 6688 (1996) A mass resolved multiphoton ionization spectroscopy study of CH 3 and CDs has revealed two new electronic Rydberg series in these radicals. Simultaneous absorption of two photons prepared the excited states. Absorption of a third photon from the excited state generated the parent ions of methyl radical (m/z 15; CH 3 and m/z 18; CD 3 ) which were detected in a quadrupole mass spectrometer. The np 'A i Rydberg series was detected and identified by a rotational assignment of the 3p 'A:; state of CD 3 and by a polarization study of the np states. The quantum defect of this series was 0.6. The rotational constants determined for the ground and 3p 'Ai excited states were Bo = 4.798 cml and Bo = 4.768 em-I. A vibrational analysis shows that both the symmetric stretch and out-of-plane bending mode are active in the 3p 'A 2 state. A second Rydberg series with a quantum defect of zero was detected and tentitive1y assigned to the nl'E' series.
I. INTRODUCTION
The methyl radical is one of the most important molecular free radicals in chemical reactions. It plays an important role during the initial stages of hydrocarbon combustion and atmospheric chemistry. As one of the simplest hydrocarbons, it is a benchmark system for molecular orbital theory. Most of the understanding of methyl radical's electronic structure comes from vacuum ultraviolet spectra reported by Herzberg. 1 ,z Resonance enhanced multiphoton ionization (REMPI) spectroscopy has also successfully detected these states.3-7 Recently, we reported a series of new states observed as two photon resonances in CHs. 6 In this report we present the two photon REMPI spectra of CHs and CDs and a description of the state symmetry assignments of these transitions.
In his pioneering spectroscopic studies on methyl radicals Herzberg observed three Rydberg series with the first member of each series at 216 (46205 cm-1 ), 149 .7 (66811 cm-1 ), and 150.3 nm (66536 cm-1 ). Vibronic structure in CHs and CDs was also observed in these bands. The observed rotational structure in both isotopic species of methyl radical was not very sharp, but it was resolved sufficiently to allow analysis. A consistent interpretation of this vibronic and rotational structure required that methyl radicals be planar or deviate from planarity by less than 10
•
All evidence indicates that methyl radicals are planar. Interpretation of photoelectron spectra, 8, 9 photoelectron detachment spectra, 10 electron spin resonance spectra, 11,1Z and infrared spectra in matrix, lS-16 and gas phase 17 -19 have required a planar structure within each technique's measurement limit. In a recent high resolution absorption study of CHs radicals using a laser diode spectrometer, Yamada et al. 18 measured the V z out-of-pl..ane bending mode 1-0,2-1, and 3-2 rovia) Author to whom correspondence should be addressed. blNRC/NRL Postdoctoral Research Associate. Present address: Geo-Centers, Inc., 320 Needham St.,Newton Upper Falls, Massachusetts 02164.
bronic absorption bands with great preCision and sensitivity. They noted that rotational levels; K=O,N=odd when V z = even and K = 0, N :even when Vz = odd; are miSSing. These levels can only be absent when CHs is of DSh symmetry.
The vibrational spacings of the V z mode also show a pronounced negative anharmonicity. 14, [17] [18] [19] Yamada et al. 18 suggest that this negative anharmonicity may arise from a vibronically induced coupling between the ground and excited electronic states (e. g., 38 ZA'1)' In this view the barrier to inversion is zero and CHs is planar. 1 8, 40 The best fits of the infrared emission bands of the Vz =1-0 to v2 =5-4 transitions with model potential functions also support these conclusions. 19 When sufficiently large basis sets are used, ab initio molecular orbital calculations also predict a planar D3h methyl radical structure with no barrier to inversion. In D3h symmetry the ground state of methyl radical has the electron configuration
(1a{)2 (2a{)2 (2e)4 (2a2 )1, it 2A'z' •
The ground s tate is of z A~' symmetry. Figure 1 shows the higher energy molecular orbitals for a planar methyl radical and their correlation to the united atom, fluorine. All of these levels are Rydberg states and the state symmetry is the same as the molecular orbital symmetry. States that are allowed through one photon optical transitions by promotion of the 2Pa2' electron are represented by solid lines. States that can be prepared only through simultaneous absorption of two or more photons are represented by dashed lines. In Fig. 1 arrows depict two photon transitions discussed in this paper. Table I lists the selection rules for single and multiphoton transitions from methyl radical's 2pzA~' ground state.
As a consequence of a planar structure, most states of the methyl radical cannot be observed by one photon spectroscopy: For example, transitions from the ground state to nde', npe', and npa~' states are one photon forbidden. One photon selection rules permit the transitions 2A{ -2A;' and 2 E" -2A;'. These rules UNITED ATOM /- predict that vacuum ultraviolet spectra should show only one ns -2p and two nd-2p one photon allowed Rydberg series. These Rydberg series were the only ones observed by Herzberg and provided important evidence for methyl radical's planar structure. 1,2 Formally, two additional rtf Rydberg series are one photon allowed, but these are expected to be weak 2 since they are one photon forbidden in the united atom representation.
Methyl radical also has one valence excited state formed by the promotion of a 2pe' electron into the 2pat orbital to make the configuration (in D 3h ):
This state is also allowed only through multiphoton transitions. Molecular orbital calculations show that the lowest energy of this configuration is achieved with a pyramidal geometry. zo Another consequence of a D3h structural symmetry is that only the 111 symmetric stretch vibrational mode may exhibit 1-0 or 0-1 vibronic structure in the electronic spectra. Other vibrational modes must occur as 2-0 or 0-2 bands. Z6 In electronic spectra reported thus far, only the frequency of the out-of-plane bending mode liZ has been reported. In CH 3 this mode's frequency greatly increases from -606 cm-1 in the ground state 18 to -1370 cm-1 in the Rydberg states. [1] [2] [3] 5, 6 In CD 3 the liZ frequency changes from 463 15 to -1060 cm-1. Z,5 In this paper we report a systematic REMPI study of the two photon spectroscopy" of methyl radicals between laser wavelengths of 257 to 360 nm. Some of the CH 3 two photon transitions have been reported previously.6 In this paper we discuss the .results in greater detail and present additional spectra. The symmetries of the two photon resonant Rydberg states are assigned from an analysis of the rotational structures of the bands. The two photon rotational selection rules have been calculated and the spectra are compared to com- 
II. EXPERIMENTAL SECTION
The experimental apparatus has been described in detail3,5 and only a brief description will be presented here. Methyl radicals were produced by pyrolysis in a resistively heated tantalum foil oven. Dimethyl sulfoxide (DMSO) and ditertiarybutyl peroxide (DTBP) were used as sources of CH 3 • DMSO-d 6 (99.5%; Merck, Sharp, and Dohme; Canada) was pyrolyzed to produce CD 3 radicals. The radicals produced in the oven passed through the hole in a thin plate and entered the ionization region of a differentially pumped quadrupole mass spectrometer. The linearly polarized output of a NO: YAG pumped dye laser was focused into the ionization region. The total reagent pressure as measured with an ionization gauge in the quadrupole mass spectrometer was 2x 10-6 Torr. CH 3 band origins reported in this work were also observed in the effluent of a fast flow reactor that produced methyl radicals by the reaction of F atoms with CH 4 • The primary difference in these experiments from the three photon resonance experiments reported earlier was the wavelength region investigated for the two photon resonant transitions. The dye laser was pumped with either the second (at 532 nm) or third (at 355 nm) harmonic of the Nd : YAG laser. The dye laser output was frequency doubled with angle tuned KDP crystals. The optimum phase-matching angles were adjusted manually during each spectral scan. Presented in Table II are the Nd : YAG pump wavelength, laser dye, and frequency doubled wavelength region covered for each dye. The output of the doubling crystal passed through the appropriate glass filters to separate out the fundamental radiation.
The REMPI spectrum was obtained by measuring the mass 15 (mass 18 for CD 3 ) ion Signal as a function of dye laser wavelength. The spectra presented are not corrected for variations of the dye laser intensity. In the present work the relative laser intensity across anyone band presented changes slowly enough that the band contour suffers little distortion. The wavelengths of the observed transition are reported as nanometers in air. The total energy of the resonant states are reported as cm-1 in vacuum. As can be seen in Table II , the wavelength region investigated in these experiments was 257 to 365 nm. Whenever possible, an effort was made to overlap the dye laser gain curves of several dyes for reasonable power levels at all wavelengths and for completeness of the spectral region investigated.
Polarization studies to determine the ion signal change as the laser light polarization changed from linear to circular were conducted for several of the stronger resonances. The optical components used for these studies consisted of a single escape Glan-Taylor polarizer (10 4 : 1 extinction ratio), a double Fresnel rhomb, and a single Fresnel rhomb. The double T ABLE II. Laser dyes and pump wavelengths used to generate the laser wavelengths in this study. The REMPI spectra of CH 3 and CD 3 between 325 and 336 nm are shown in Figs. 2 and 3, respectively. These Signals are produced by the simultaneous absorption of two photons to prepare an excited Rydberg state in the radical. Absorption of one additional photon is necessary to ionize the radical. All spectra in this paper show the molecular ion currents m/z 15 for CH 3 and m/z 18 for CD 3 as a function of wavelength.
Spectral
Tables III and IV list the observed radical resonances and their assignments for CH 3 and CD 3 , respectively. Table IV also notes the deuterium frequency shift. The band origins of electronic states are identified by their relatively small isotope shifts (-86 cm-1 ). Vibronic levels of the excited states show much larger shifts. In CD 3 og levels are observed at 333.9, 286.3, 271. 5, and 264.7 nm and in CH 3 at 333.4 and 286.3 nm.
These levels construct Rydberg series of n = 3, 4, 5, 6 for CD 3 and n =3,4 for CH 3 0 The quantum defects of these series are 0.6. These quantum defects are consistent with those expected for the promotion of the ground state 2p~' electron into an np Rydberg orbital.
Below we show that this Rydberg orbital is the npa~' orbital which causes the final state symmetry to be 2A~' • Hudgens, DiGiuseppe, and Lin: A careful search was made for the n =5 and n =6 members of this Rydberg series in CH 3 around 271 and 264.7 nm; however, no REMPI signal was detected. These experiments were done by measuring both the mass 15 ion signal and the total ion signal which would show any signal from dissociated molecular ions.
Only the 3pzA~' 08 band of CD 3 at 333.9 nm showed well resolved S,R, Q,P, and 0 branches that allowed analysis. The CH 3 3pzA'; 08 band showed no resolved rotational structure other than a prominent Q branch.
All higher Rydberg states of the zA'z' series showed spectra like those in Fig. 4 . Figure 4 shows the REMPI spectra of the 4p zA~' Rydberg states of both CH 3 and CDs. The only distinguishable feature in each compound's spectrum is a very strong, sharp Q branch.
Only the 3pzA~' states of methyl radical show vibrational structure. Most of the vibrational activity occurs Ionization of methyl radical Comparison of the vibronic structure between CHs and CDs in Fig. 5 reveals that the vI symmetric stretch is also active. In CHs a sharp band at 317.9 nm that does not fit into the v2 mode sequence is observed. Since CDs shows no similar band near this wavelength, the 317.9 nm feature in CH 3 cannot originate from a new electronic state. Instead, this band must originate from a second active vibrational mode. In CD 3 the frequency of the isotopically shifted vibration is determined by noting that the band in the region of 322-323 nm in CD 3 appears anomalous in both its intenSity and structure.
Its ion signal intensity was greater than the 21 or the adjacent 2f transition at the same laser power. The band features reproducible sharp peaks of diminishing intensity at 322.9 and 322.75 nm. The appearance suggested that this band in CD 3 was either perturbed or a composite of two spectral transitions. Figure 5 shows the expected isotopic shifts of the vibronic bands that arise by assigning the 317.9 nm transition in CH 3 to the 1A band. The 317.9 nm peak is 2914 cm-1 from the CH 3 band origin. If this transition is assigned to the v{ symmetric stretch, then the harmonic oscillator isotope shift, 1v;/./2, will move this band to 61954 cm-! (322.74 nm) in CDs. The harmonic oscillator deuterium isotope shift for the ~ band in CHs is 2v~ /1.290. This predicts that the ~ band in CD 3 lies at 61 977 (322.61 nm)-or about 23 cm-! from the q band. These expected shifts are marked above the CD 3 spectrum in Fig. 5 (lower trace). The larger isotope shift of the symmetric stretch compared to the out-of-plane bend causes the ordering of these levels to reverse. Because the 2v; and Iv{Ievels possess the same symmetry and reside at nearly the same energy, they undoubtably interact via Fermi Resonance and only a high resolution spectrum of this band may resolve the relative mixture and identity of the various features in this band. However, for the construction of the spaCings between vibrational levels we have assigned the sharp peaks in the 322 nm band according to the order expected from the isotope shifts. Thus, we assign the 322.9 nm peak as mostly lA and the 322.75 nm peak as mostly 2~. 
At' The rotational energy levels of an oblate symmetric top that has unresolved spin-rotational interaction is
where Bo and Co are the commonly used oblate symmetric top rotational constants (Bo = 2C o for a planar symmetric rotor) and DN is the centrifugal stretching term. The term (K -bel) is the magnitude of the nuclear top angular momentum, K is the signed quantum number of total angular momentum about the symmetry axis and varies between -N and +N including zero.28
The Coriolis term ' e is the expectation value of the projection of the Rydberg electron's electronic angular momentum upon the symmetry axis 28 -
As a first approximation the wave function can be constructed from hydrogenic basis In 1 ml) and evalu-, ated only for the Rydberg electron. Two photon selection rules for 2E' _2.£; are those for a perpendicular band: AN=0,±1,±2; ~K=+l, ~l=+1.
AN=0,±1,±2; AK=-l, ~l=-l.
Both types of bands have contributions from O,P,Q,R, and S branches. The AK =0 rule for 2'£2' _2A'; transitions causes a very strong Q branch and simple 0, P, R, and S branches when the rotational constants of the moleCule do not change significantly. Each K component's contribution falls at nearly the same frequency for each particular quantum transition.
On the other hand the 2E' _2A~ bands are greatly affected by the", and relative changes in the rotational constants. In prolate tops a transition with a ' e = + 1 the Coriolis term can effectively compensate for the change in K. This compensation can cause "false" parallel bands. 28 In an oblate top this problem is not as severe and perpendicular bands are more easily recognized. In short, at the resolution of our experiments parallel bands can be assigned directly from the analysis of their rotational transitions. The more congested perpendicular bands can be analyzed by simulation.
Figure 6(a) shows the spectrum of the 333.9 nm band of CD l expanded to show the rotational structure of the O,P,R, and S branches clearly. The very intense Q branch is not shown. The spectrum was generated using circularly polarized light. Individual N, K levels and their spin sublevels are not resolved. In fact, the widths of rotational features are broad and line positions can only be measured approximately. The width of these lines probably arises from unresolved frequency shifts contributed from each K member or perhaps from line broading induced by predissociation, or by both. The spin-rotation splitting contribution to this broadening is probably inSignificant. The broadening of these lines reduced the accuracy of our rotational constants enough that only the Bo values are Significant. The spectrum is consistently analyzed by assigning the band as a 3PZA~' -XzA'z' transition. The agreement between the ground state rotational constants computed from each data set agree very well. Rotational constants for the ground state of CD 3 determined from Herzberg's data alone or from our data alone differ by less than either data set's standard deviation.
The third set of rotational constants in Table VII shows the results of a least squares fit of the present measurements and Herzberg's measurements together. To make this list the measurements of all three electronic transitions were incorporated into the same least squares matrix so that they all contributed to the fit of ground state rotational constants. Table VIII lists the rotational line assignments and their deviations from the least squares computed line positions using the rotational constants determined from the present work's measurements. The rotational line positions marked above the spectra in Fig. 6(a) denote the K = 0 line positions of each rotational branch member as computed from the present work's rotational constants.
Figure 6(b) shows a computer generated simulation spectrum. The rotational constants of the present work only were used. Line strength factors from the work of Chen and Yeung 35 were adapted by substituting the quantum number N in place of J into their formulas. The use of circularly polarized light allowed us to sidestep the necessity of defining any value for Chen and Yeung's integral F. Integral F affects only the Qbranch intensity when the laser is linearly polarized. In principal, this integral is easily determined from a polarization experiment when the rotational temperature is known.
To generate the CD 3 spectrum in Fig. 6(b) , the rotational temperature was varied to achieve the best fit of the O,P,R, and S branch intensities with the experiment. The best rotational temperature was 300 K. This is not surprising since rotational relaxation rates are very rapid and the effusive flow of the CD 3 effluent from the pyrolysis oven has ample time at sufficient pressure to equilibrate with the background gas.
Of course, the simulation is not perfect. The lack of knowledge regarding the higher centrifugal distortion constants causes the frequency width of the higher N members of each rotational branch to be too narrow and their peak intensities to be too large. While the relative intensities of the t:.N *0 branches agree well with experiment, the intensity of the simulated Q branch is nearly a factor of 3 too small.
C. Results of polarization studies of CH 3 and CD 3
The change in ion signal intensity as the laser beam's polarization changes from linear to circular provides a second way to determine the excited state's symmetry. The change in ion signal strength with polarization for resolved transitions is given by the ratio of the two photon absorption cross sections. In the case where both photons are absorbed from a laser beam tuned onto the Q branch of an 2ff; _2A: band this polarization ratio is 37 :
F and E are electronic-vibronic integrals listed by Chen and Yeung. 35 This polarization ratio will vary with temperature. For 2A;' _2A;' ~N = ± 1, ± 2 transitions and all 2 E' -2A;' transitions, a polarization ratio of 2/3 is expected.
The principal result is that 'I.E' _2ff; transitions should show an increase in ion signal as the laser beam changes from linear to circular polarization. On the other hand an 2ff; _2A~' band's Q branch will show a decrease for the same polarization change.
The polarization ratios observed for the stronger resonances observed in CH 3 are listed in Table IX . For these measurements the laser's power frequency were held constant as the polarization was changed from linear to circular. In all measurements the ion signal decreased as the laser beam's polarization changed from linear to circular. This behavior is the same as that expected for 2A~ _2A~ transitions. Unfortunately, the strength of any rotational branch transitions other than Q branches were too weak as compared to the background m/z 15 ion signal to render a useful polarization ratio measurement.
D. Detection of a second Rydberg series
In the spectral region several nanometers to the red and blue of 276 nm CH 3 and CD 3 showed strong apparent continua; however, weak features were observed. Figures 7(a) and 8 (a) show the ion signals in this spectral region for CH 3 and CD 3 , respectively. CH 3 shows a relatively sharp peak at 275.9 nm and broader absorption feature at 275.4 nm. The CD 3 spectrum shows a sharp peak at 276.1 nm and a broader feature at 275.9 nm. Both isotopic compounds show incompletely resolved fine structure. The fine structure in CH 3 is more varied in intensity and has wider frequency separations.
The deuterium isotope shift of the sharper peak of methyl radical 276 nm band is -55 cm-1 • The broader peak has an isotope shift of -135 cm-1 • These small shifts support the assignment of these features as band origins of a new state. Figure 9 shows additional very weak bandS in the spectra of CH 3 and in CD 3 at 266.8 and 267.1 nm. The figure shows the comparison spectra used to confirm that these bands originated with methyl radicals rather than from the radical's precursor. When the oven is at 1100 K, the radicals' resonances are seen. When the oven is cool and no radicals are generated, no reso- nances are seen. The peaks show an isotope shift of -55 cm-1 and are assigned as new band origins. The 267 nm bands together with the 276 nm bands construct a new Rydberg series either of n =4, 5 with a quantum defect of zero or of n = 5,6 with a quantum defect of one. Either series converges upon the first ionization potential.
Experiments were conducted to detect any possible (n -l)th member (where n equals the assigned series value of the 276 nm band) of this Rydberg series. This band should occur at 297.6 nm and should be more intense than the 276 nm band. No resonances were detected. In fact in the spectral region from 287 to 320 nm neither CH 3 nor CDs show the slightest resonant ionization signal that can be assigned to any band origin.
The absence of any band origins around 295 nm in the present work does not confirm the assignment by Gedanken et al. S8 of a band at 294.9 nm to two photon resonances with methyl radicals. Their experiments were conducted in an ionization cell at 0.1 Torr pressure with no mass resolution capability. They based their assignment upon the observation that both CHsI and tetramethyl tin displayed the same apparent two photon resonant band at this wavelength. They deduced that this resonance arose from methyl radical because it was believed that both compounds photolyze to produce large quantities of methyl radicals at this wavelength. A REMPI process following photolysis produced the ion Signal. the photolysis yield or product temperature are given.
If every CHsI molecule in the focal volume dissociates, the local concentration of CHs radicals will be almost 10 6 times greater than in the present experiments. Thus, it is possible that their much higher radical concentration enables the detection of much weaker transitions than in our experiments. We conclude that if the resonance at 294.9 nm originates from the methyl radical, this band's two photon cross section is much weaker than the weakest bands reported in this present work (e. g., the 267 nm bands of CH s ). The 294.9 nm band's weak intenSity as well as its frequency also precludes any association of this tentative band with the present studY's second Rydberg series .
IV. DISCUSSION
In brief, these are the observations:
(1) The np 2A;' Rydberg series has been observed in both CD 3 and CH 3 with a quantum defect of 0.6. The symmetry assignment is confirmed by an analysis of the 3p 2%2' -X 2A':, rotational band. A polarization study also supports this assignment.
(2) The structure of the 3p 2At state for the first four vibronic levels of the out-of-plane bending mode is presented. The frequency of the excited state symmetric stretch was also determined.
(3) Transitions to members of a second Rydberg series were detected. These points will be discussed in order. The basis for this small bond length change is seen in the fact that the 2Pa~' orbital lies mostly above and below the carbon-hydrogen plane and is centered upon the carbon atom. Molecular orbital calculations of the ground state show that only about 4% of its electron denSity resides on the hydrogen atoms. Z5 Thus, the 2pa~' orbital is essentially a nonbonding orbital. The 3Pa~' orbital is also centered upon the carbon atom and maintains most of its electron density in the space above and below the nuclear plane with less electron density near the carbon where it can contribute to bonding. Thus, only a small bond length change is expected and observed upon the promotion of the 2pa~' mostly nonbonding electron into the even less bonding 3par orbital.
The activity of the Vz mode has allowed observation of approximate positions of the first four vibrational levels of the out-of -plane bending vibration. As in the previously observed Rydberg states of CH 3 , the Vz vibrational mode stiffens considerably from 606 to 1330 cml • Studies of the V2 vibrational mode in the X 2A~' state in CH 3 have shown that this mode has negative anharmonicity. However, in the 3p2A!; state of CHs this observed vibrational frequency is harmonic within the measurement of accuracy of each vibrational level (Table V) The second Rydberg series has several candidate electronic assignments.
The not yet assigned nd 2 E' and np2E' Rydberg series present themselves as the first candidates for consideration. However, the present results do not mandate an obvious assignment to either of these Rydberg series. The problems of either assignment reside in the magnitudes of the quantum defects and in the fact that predicted bands are not detected.
If the bands observed at 276 and 267 nm are assigned to the 4d 2 E' and 5d 2 E' Rydberg states, then the experimental quantum defect of the series is zero. The lowest member of this Rydberg series, the 3~ E' state, should have its band at 297.6 nm. This band should be more intense than the band observed at 276 nm. No band was observed.
An assignment of these states to the nd 2 E' series would also conflict with the expected ordering of the nd sublevels based upon crystal field splitting. This model predicts that the relative separation of the orbital sublevels is proportional to their -(ml)2 values. In the H3 molecule the relative spacing of the 3d and 4d sublevels agree very well with this model. 22, 41 In the methyl radical the one photon allowed nd 2 A{ (ml =0) and nd 2 E!' (ml = 1) Rydberg series measured by Herzbert fit the expected energy ordering. Based upon the assignments of these one photon allowed states, two photon resonances with members of the nd
states of CDs are predicted at 304.3, 278.4, and 267.8 nm. None of these predicted resonances fit with the observed.
If the observed bands are assigned to the 5p2E' and 6p Z E' Rydberg states, then the experimental quantum defect is unity. A quantum defect of 1. 0 is larger than generally accepted for an np Rydberg series. 21 ,29 The more intense 3p 2 E' and 4p 2 E' bands are expected at 384.9 and 297.6 nm. The predicted 4p2E' band was not detected. The present study did not span the spectral region of the hypothetical 3p 2E' state.
In view of the problems with an assignment to either the nd 2 E' or npzE' Rydberg series, the nf Rydberg series should also be considered. The first members of each nf Rydberg series are the n =4 members. The value of their quantum defects are essentially zero. In methyl radical the first rrj Rydberg two photon absorption bands are predicted to be at 276 nm. The following discussion shows that the band contour analysis is also consistent with an assignment of this series to the rrj2E' Rydberg series.
We have attempted to further resolve the state assignment issue by means of a band contour analysis. The approach was to simulate the rotational band contour of every possible candidate nj, np, and nd Rydberg transition. As shown in Fig. 1 , the united atom's 4j level splits into components of symmetries 2E", 2E' ,2A;', 2A{ and 2A'2' States of 2A'1 and 2A'2 symmetry may be dismissed from consideration since they cannot be prepared bya two photon absorption process ( Table I) . The 4f2A~ state is also eliminated since it will show the familiar parallel band structure. The features of this band cannot be accounted for by assuming that the resonances arise from a parallel band. Thus, the states considered in the band contour analysis were np2E" rrj2E', nd 2 E', and rrj2E" Rydberg states.
The two photon allowed states of 2E' and 2E" symmetries will show perpendicular bands (Table I ). The electronic states have differing sets of possible perpendicular bands shapes because their selection rules differ (Table I) and because they possess different electronic Coriolis coupling terms (Table VI) . Only the rif2E' and np2E' states share the same selection rules and the same expected Coriolis coupling value. The other two possible candidate states nd 2 E' and rif2E" have unique parameters.
Recognition of the absorbing state's symmetry by its band shape also requires that the molecule conform to Hund's case (b) coupling. A priori, the energy separations of the 4f symmetry states are expected to be small. When the states are close enough together, levels of angular momentum greater than zero will uncouple to produce a system conforming to Hund's case (d). Even when the state conforms to Hund's case (b), rotational levels can become split through A doubling which for a A-E two level interaction in case (b) is
E _BfrN(N+l)]
e. -(Ee -E.) The interaction soon dominates and the system is represented by case (d). Herzberg, Hougen, and Watson41 recently analyzed such a band in the Hs spectrum.
Whenever the molecular 4f states are separated enough that the coupling is intermediate between Hund's cases (b) and (d), the CHs bands will be affected more than the same CDs band because uncoupling is dependent upon the magnitude of the rotational constant B~.
With these caveats in mind the results of the band contour calculations that best represent the 276 nm bands are shown in Figs. 7(b) and 8(b) for CHs and CDs, respectively, using the Hund's case (b) coupling scheme. This simulation uses the rotational selection rules and constants characteristic of either rif2E'-Jc 2A~ or np2E' -x 2A;' two photon transitions. Other excited state symmetries did not produce simulations that could be reconciled to either observed band. (In all of the band contours we calculated, the rotational values chosen for the excited state were computed so that both isotopic species had the same internuclear distances. ) The choices of Coriolis and rotational constants are not unique, but require that the excited state rotational value be larger than the ground state's. The Coriolis term could not be increased much above te =0. 3.
The simulations fit the CDs spectrum better than the CHs spectrum. This is, in part, because no centrifugal terms were incorporated in making the diagrams that congest the spectrum and smooth its appearance. Unaccounted for uncoupling may also affect the observed spectrum. However, in both cases features near the band centers (band gaps as well as much of the prominent fine structure) lie at the same frequencies as in the actual spectra. Best fits of the width of the sharp and broad features as well as their contours and relative intensities occurred for the values Bo=10.2±0.2 cm-1 and ' e = 0.3 for CHs and B~ = 5.1 ± 0.1 cm-1 and te = 0.3 for CDs. In short, the band contour calculations rule out assignment of the 276 nm bands to resonances with nd 2 E' and rif2E" Rydberg-states. On the basiS of these calculations the series must arise from either the np2E' or the rif2E' Rydberg states.
Given the choice between these two Rydberg state assignments, the evidence supports an aSSignment to the nj2E' Rydberg series much more than to the np2E' series. Unlike for an np 2 E' assignment, the rif2E' state assignment accounts for all observed bands. No expected bands are missing. In addition, the experimental quantum defect of zero associated with an rif2E' assignment is the proper value for this orbital type. The quantum defect of unity that results from an np 2 E' assignment is too large. Thus, we tentatively assign these states at 276 and 267 nm to the 4[2E' and 5f2E' Rydberg states.
From the band contour results improved wavelengths for the band origins are assigned. These wavelengths are marked below the simulated spectra in Figs. 7 and 8. These aSSignments are also noted in Tables III and  IV . From these assignments the isotopiC shifts for these bands become -76 cm-1 • The values listed in the tables for the 5 j E' states are also the band origins extrapolated from the band contour results.
One surprising result from the calculations is that best value of the Coriolis term is low compared to the expected value of ' e =0.9. In addition, the rotational constant in the excited state is larger than in the ground state which indicates that the C -H bond is shorter in the excited state. The effect of the excitation of the Rydberg orbital causes increased bonding. This increased bonding interaction of the Rydberg orbital with the hydrogens apparently reduces the Coriolis value.
In summary, the assignment of this second Rydberg series to two photon resonances with nf2E' states seems to best fit the evidence. A theoretical effort at this point seems the most promising approach to confirm the identity of this series.
